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Lotic ecosystems such as rivers and streams are unique in that they represent a continuum of both
space and time during the transition from headwaters to the river mouth. As microbes have very
different controls over their ecology, distribution and dispersion compared with macrobiota, we
wished to explore biogeographical patterns within a river catchment and uncover the major drivers
structuring bacterioplankton communities. Water samples collected across the River Thames Basin,
UK, covering the transition from headwater tributaries to the lower reaches of the main river channel
were characterised using 16S rRNA gene pyrosequencing. This approach revealed an ecological
succession in the bacterial community composition along the river continuum, moving from a
community dominated by Bacteroidetes in the headwaters to Actinobacteria-dominated down-
stream. Location of the sampling point in the river network (measured as the cumulative water
channel distance upstream) was found to be the most predictive spatial feature; inferring that
ecological processes pertaining to temporal community succession are of prime importance in
driving the assemblages of riverine bacterioplankton communities. A decrease in bacterial activity
rates and an increase in the abundance of low nucleic acid bacteria relative to high nucleic acid
bacteria were found to correspond with these downstream changes in community structure,
suggesting corresponding functional changes. Our findings show that bacterial communities
across the Thames basin exhibit an ecological succession along the river continuum, and that this is
primarily driven by water residence time rather than the physico-chemical status of the river.
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Introduction
Lotic environments such as rivers and streams are
unique ecosystems in that they represent a con-
tinuum of both space and time during the transition
from headwaters to the river mouth. This is
accompanied by significant downstream hydrologi-
cal and biogeochemical changes and a succession of
biotic communities. In many rivers there is a change
in the nature of inputs from both natural and
anthropogenic sources during this transition. In
addition, fluvial networks differ from most terres-
trial ecosystems in that biological dispersal is
limited, where landscape structure and physical
flows determine the distance and direction of
movement (Altermatt, 2013; Mari et al., 2014). The
downstream gradient in riverine communities has
been described by the River Continuum Concept,
that explains the response of the structure and
function of river biota to the gradient of physical
factors (physico-chemical and hydrological) within
the catchment (Vannote et al., 1980). The concept
describes how riverine biotic assemblages exhibit
longitudinal shifts in response to upstream pro-
cesses and changing hydromorphology. The concept
also postulates that the majority of organic inputs in
the higher reaches of the catchment are derived from
allochthonous sources such as leaf litter and from
autochthonous production by phytoplankton in the
lower reaches. Further developments to this concept
have included an increased weighting of the role of
flooding (Junk et al., 1989), and autochthonous
production from phytoplankton, benthic algae and
plants (Thorp and Delong, 1994) in structuring
aquatic ecosystems.
The relationship between the longitudinal dimen-
sions of a river (that is, distance downstream) and
biological diversity is not always clear and can
depend upon the river system and the organisms
being examined. Studies on fish have shown strong
relationships of increasing biological diversity
with decreasing distance to the river outlet
(Muneepeerakul et al., 2008) and this relationship
has been linked to river discharge (McGarvey and
Ward, 2008). Research on invertebrates has shown
similar patterns, with positive relationships
between species richness and catchment area
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(Altermatt et al., 2013). However, there is evidence
that these patterns may not be universal (Perry and
Schaeffer, 1987), leading to more complex patch
(Thorp et al., 2006)- and network (Altermatt, 2013)-
based models in an attempt to describe patterns of
lotic biocomplexity.
For bacterial communities the relationship
between diversity and geographic space has been
well studied; with a particular focus on soil bacterial
communities at a range of scales, from field studies
(Sayer et al., 2013) to country-scale surveys
(Griffiths et al., 2011; Ranjard et al., 2013), but also
including work on aquatic environments, from rock
pools (Langenheder et al., 2012) to lakes (Logue
et al., 2012). However, lotic environments such as
rivers represent an understudied and unusual
habitat owing to their constant turnover and there-
fore rules relevant to more static habitats such as
soils or even lentic environments may not apply. In
addition, microorganisms differ from many macro-
organisms in that they are generally passive dis-
persers (Nemergut et al., 2013), with the direction of
dispersal determined by the movement of water.
Rivers and streams also have a large number of
potential inputs, each adding new microbial com-
munities to the mix. For example, although at any
point in a fluvial system the majority of the water,
and therefore microbial community, is likely to have
originated from upstream, additional inputs can
arrive from groundwater (Sorensen et al., 2013), soil
and surface runoff (Crump et al., 2007), atmospheric
and precipitation inputs (Christner et al., 2008;
DeLeon-Rodriguez et al., 2013) and anthropogenic
point sources such as sewage outlets (Newton et al.,
2013). Moreover, many fluvial networks worldwide
are highly modified by land use changes and the
connection of man-made waterways such as canals
and reservoirs, causing significant changes in water
chemistry, flow velocities and water residence times
(Whitehead et al., 2013).
Gaining a better understanding of the spatial and
temporal patterns of freshwater microbial diversity,
their major drivers and their resistance and resilience
to environmental change is of critical importance.
Microbes are involved with a large array of ecological
process in fluvial systems, from recycling, releasing,
storing and transforming nutrients (Tatariw et al.,
2013), biogeochemical processes linked to climate
change (Butman and Raymond, 2011; Raymond et al.,
2013), persistence and transport of pathogens (Marti
et al., 2013) to acting as reservoirs of antibiotic
resistance (Marti et al., 2014).
This study addresses the fundamental question of
how bacterioplankton community composition var-
ies across a major river basin (the River Thames in
England) subject to wide gradients in physical
conditions and anthropogenic pressures. By reveal-
ing successional patterns in the composition and
function of bacteria across a river basin, we have
identified a significant physical control over the
structure of free-living riverine bacteria, setting a
framework for future research on this topic.
Materials and methods
Sampling and contextual environmental variables
The study site was the River Thames basin in
southern England, UK. The River Thames is the
largest river completely in England, with a total
length of 354 km to its tidal limit and a catchment
area of 9948 km2 (Marsh and Hannaford, 2008)
(Figure 1). Although the basin has a high population
density (960 people per km2), much of the upstream
catchment is relatively rural, comprising mainly
arable crops and grassland (Bowes et al., 2014).
Figure 1 A map of the River Thames basin showing the sampling sites used in this study. Lines indicate the main river channel and do
not include higher order tributaries for clarity.
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Samples were taken from 23 monitoring sites, as
part of the Centre for Ecology and Hydrology’s
Thames Initiative research platform, during low
flow conditions on 13 September 2011. The sam-
pling sites were located on all major tributaries
joining the River Thames between Hannington Wick
(site TH) in the upper Thames basin and Runny-
mede (site TR) on the outskirts of London, and also
six sites along the main channel of the River Thames
(Figure 1). This represents a wide range of river
types, in terms of water quality, flow, land use and
sewage input, and covered the majority of the basin
above the tidal limit. For example, mean concentra-
tions of total phosphorus (September 2009–April
2011) range from 31 mg l 1 (River Leach—Le) to
700 mg l1 (River Thame—Tm). Mean nitrate con-
centrations are generally high across the catchment
owing to groundwater contamination, but range
from 3.97mg NO3-N l
 1 (Enborne—En) to 19.94mg
NO3-N l
1 (the Cut—Cu). Mean flow varies consid-
erably across the catchment, from 1.2m3 s1
(Enborne—En) in the tributaries to 46.8m3 s 1 in
the lower reaches of the River Thames (Runny-
mede—TR). Supplementary Table 1 summarises the
site names and locations, and further catchment and
monitoring site details are given elsewhere (Bowes
et al., 2012; Bowes et al., 2014).
A single water sample was collected from each
site by lowering a clean bucket into the centre of the
river channel, transferred and subdivided into
autoclaved polypropylene bottles and stored in the
dark until they were taken back to the lab for
filtering on the same day. Samples (0.5–1.0 l) for
microbiological analysis were pre-filtered through
glass fibre GF/A filters (Whatman, Buckinghamshire,
UK) to reduce particulate and algal biomass, and
then through a 0.22-mm Durapore membrane filter
(Merck Millipore, Watford, UK) to collect microbial
cells. Filters were stored at  80 1C for later analysis.
Water chemistry parameters, including pH,
alkalinity, suspended sediment, soluble reactive
phosphorus, total dissolved phosphorus, total phos-
phorus, ammonia (NH4), dissolved reactive silicon,
fluoride (F), chloride (Cl), nitrite (NO2), nitrate (NO3),
total dissolved N, sulphate (SO4) and dissolved
organic carbon (DOC) were measured as detailed in
Neal et al. (2012). In addition, the concentrations of a
suite of metals, including sodium (Na), boron (B),
iron (Fe), magnesium (Mg), zinc (Zn), copper (Cu)
and aluminium (Al) were measured by inductively
coupled plasma–optical emission spectrometry (ICP-
OES). Site physico-chemical and biotic data is given
in Supplementary Table 1.
Flow cytometry of bacterioplankton and phytoplankton
Phytoplankton enumeration and characterisation
was carried out using a dual colour flow cytometry
protocol as described in Read et al. (2014),
identifying 10 major groups of phytoplankton in
the Thames, including diatoms (one group),
chlorophytes (three groups), cryptophytes (two
groups) and cyanobacteria (four groups). To count
total bacterioplankton, samples were fixed in 2%
formaldehyde for 1 h at room temperature, stored in
the dark at 4 1C overnight and analysed the follow-
ing day. An aliquot of 0.5ml from each sample was
stained with SYBR Green I (Sigma-Aldrich, Gillingham,
UK) at a final concentration of 1:1000 for 30min at
room temperature in the dark. An addition of 2.5 ml
of 1mm diameter beads (Life Technologies, Paisley,
UK) to each sample was used as a calibration and
counting standard. Each sample was run for 1min at
a low flow rate (B5 ml per min) on a Gallios flow
cytometer (Beckman-Coulter, High Wycombe, UK),
using excitation with a 488nm laser. Gates were
manually drawn in Kaluza 1.2 software (Beckman-
Coulter) to distinguish and count both high (HNA)
and low (LNA) nucleic acid bacteria.
Bacterial activity was measured by flow cytometry
using the dye 5-cyano-2,3-ditolyl tetrazolium chlor-
ide (CTC) to infer bacterioplankton activity rates
(Sieracki et al., 1999). Briefly, a final concentration
of 5mM CTC (Sigma-Aldrich) was incubated with
each water sample at room temperature for 2 h
in the dark. The reaction was stopped by the
addition of 0.2 mm filtered 2% (wt/vol) final con-
centration formaldehyde, freshly made from
reagent-grade paraformaldehyde (Sigma-Aldrich).
A cytogram of side scatter (SS) against FL3
(620nm BP 30nm) drawn in Kaluza 1.2 software
(Beckman-Coulter) was used to distinguish CTC-
positive cells. The percentage positive CTC cells
were calculated as a proportion of the total
bacterioplankton count.
DNA extraction and sequencing
DNA was extracted from 0.22 mm membrane filters
using methods described in Huang et al. (2009).
DNA amplification and pyrosequencing were car-
ried out at Molecular Research LP (Lubbock, TX,
USA). Microbial tag-encoded FLX amplicon pyrose-
quencing was carried out using 16S V1-V3 spanning
primers Gray28F 50-GAGTTTGATCNTGGCTCAG-30
and Gray519r 50-GTNTTACNGCGGCKGCTG-30.
Initial generation of the sequencing library utilised
a one-step PCR with a total of 30 cycles, a mixture of
Hot Start and HotStart high fihigh fi taq poly-
merases, and amplicons originating and extending
from the forward primers. Tag-encoded FLX ampli-
con pyrosequencing analyses utilised Roche 454
FLX instrument (Roche 454 Life Sciences, Branford,
CT, USA) with titanium reagents.
Data processing and analysis
Sequencing reads were demultiplexed and filtered
for quality and size (reads o367 or 4548 bp were
discarded as possible errors) using the QIIME pipe-
line (Caporaso et al., 2010), denoised with ACACIA
(Bragg et al., 2012) and chimeras were identified and
removed with ChimeraSlayer (Haas et al., 2011).
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The sequences were clustered into operational
taxonomic units (OTUs) with UCLUST (Edgar,
2010) as part of the QIIME package and representa-
tive sequences were selected (pick_rep_set.py,
QIIME). The taxonomy of OTUs was determined
by RDP Classifier with 80% bootstrapping classifi-
cation confidence (Wang et al., 2007) using the
Greengenes Oct 2012 database (McDonald et al.,
2012) and Newton freshwater 16S SSU database
(Newton et al., 2011). The OTU table was subse-
quently rarefied down to 2179 sequences per sample
for comparative diversity analyses (multiple_rare-
factions_even_depth.py, QIIME). A table with OTU
identities from both databases is given in
Supplementary Table 2. Sequences are deposited
in the European Nucleotide Archive under the
accession number PRJEB6879 (http://www.ebi.
ac.uk/ena/data/view/PRJEB6879).
All statistical analyses were carried out in R
(v.3.0.1) (R Core Team 2013) using the package
‘Vegan’ v2.0–10 (Oksanen et al., 2013). Environ-
mental and flow cytometry (biotic) data were
individually tested for normality (Shapiro–Wilkes
test, Po0.05). Variables that were not normally
distributed were transformed to normality or as
close to normality as possible using either log or
square root transformations. In order to determine
the major drivers of bacterial community composi-
tion, a Bray–Curtis dissimilarity matrix generated
from the OTU table was compared to three broad
categories of potential drivers: spatial, environmen-
tal and biotic. These were, in turn, represented by
the location of the sites within the river network, the
physico-chemical variables and the flow cytometry-
derived phytoplankton community. To explore the
best spatial predictor of bacterial community com-
position, three contrasting measurements that repre-
sented site location within river catchment were
compared. These were: (1) the dendritic network
length (km), which is a measure of the cumulative
length of the branching river network upstream of
the sampling site, (2) the Euclidian distance (km)
between sites, which is simply the straight line
distance between sampling points and (3) the
drainage catchment area (km2) for each site. All
geographic measures were calculated using ArcGIS
(Esri Ltd, Aylesbury, UK). Mantel tests and correlo-
grams were carried out on OTU data using Bray–
Curtis dissimilarity matrices to examine the strength
of the relationship between each spatial predictor
and bacterial composition. Function ‘Bioenv’
in the R package ‘Vegan’ was used to identify the
subsets of environmental and phytoplankton vari-
ables that best predicted bacterial community
composition (Clarke and Ainsworth, 1993). The
selected subset of variables for each category was
reanalysed using Mantel tests and correlograms to
examine the strength of the relationship between
dissimilarity matrices from each optimised group of
predictors and the bacterial community composition
as before.
Before calculating alpha diversity for each site,
sequences were subsampled to the site with the
lowest number of sequences (2179 sequences). To
explore whether the freshwater component of the
bacterial community behaved in a different manner
to the whole community, Shannon’s H index was
calculated from species-level abundance tables (sum-
marize_taxa.py, QIIME) derived from the Greengenes
16S rRNA gene database that is not habitat specific
(McDonald et al., 2012) or the ‘Newton database’
comprising a curated selection of known freshwater
microbes (Newton et al., 2011). Visual examination of
the relationships between the bacterial community
structure and the physico-chemical and biotic para-
meters were assessed using non-metric multidimen-
sional scaling using the ‘metaMDS’ function in
Vegan, based on dissimilarities calculated using the
Bray–Curtis index. To examine the OTUs that had the
highest contribution to the ordination, the function
‘Envfit’ was run with 999 permutations and used to
plot significantly (Po0.001) correlated variables. To
examine relationships between the OTU ordination
and the environmental and biotic variables, ‘Envfit’
was again used to plot significantly (Po0.05)
correlated variables on the ordination.
Finally, a Pearson’s correlation matrix with
P-values was generated using the R package HMISC
(Harrell, 2013) and used to identify individual OTUs
from the core river microbiome (present in450% of
the sites) with significant (Po0.05) positive or
negative relationships to dendritic distance.
Results
Sequencing generated a total of 123 068 sequences,
averaging 5351 sequences per site, which were
classified into 2492 distinct OTUs. Across all
catchment sites, the most common phyla of bacteria
were Actinobacteria, Bacteroidetes, Proteobacteria
and to a lesser extent, Verrucomicrobia (Figure 2).
Genus-level composition of Actinobacteria, Bacter-
oidetes and Alpha-, Beta- and Gammaproteobacteria
are shown in bar charts in Supplementary Figures
S1–S5. The most abundant OTUs were represented
by species of known specialist freshwater bacteria
(Greengenes classification followed by Newton
database classification in parentheses), including
the Actinobacteria ‘Candidatus Rhodoluna’ (Luna1-A3),
ACK-M1 (acI-A1), Microbacteriaceae (Luna1-A3)
and ‘Candidatus Aquiluna rubra’ (Luna1). Abun-
dant Bacteroidetes OTUs comprised Arcicella
(bacIII-A), Flavobacterium (bacII-A), Fluviicola
(bacV) and Chitinophagaceae (bacI-A1). The most
abundant Proteobacteria were Limnohabitans (Lhab-
A1, Lhab-A4), Rickettsiales (LD12 alfV-A), Polynu-
cleobacter (PnecC) and Sphingomonadaceae (alfIV-
B). Verrucomicrobia were represented by one abun-
dant group of OTUs; Cerasicoccaceae (Opitutaceae).
Our study found a clear relationship between
bacterial composition at the phylum level and
River bacterioplankton ecology
DS Read et al
519
The ISME Journal
dendritic distance upstream (Figure 2); OTUs
belonging to the phylum Actinobacteria increased
in abundance within the community with increas-
ing dendritic distance. Although making up a far
smaller proportion of the community, Verrucomi-
crobia OTUs followed a similar pattern. Conversely,
OTUs belonging to the phylum Bacteroidetes went
from being the dominant phylum in sites with short
dendritic distances upstream to a minor component
in downstream sites (Figure 2).
The best spatial measurement for predicting bacter-
ial community composition was the (log) sum of the
dendritic distance upstream (Mantel r2¼ 0.5999,
Po0.001), followed by (log) catchment size (Mantel
r2¼ 0.256, P¼ 0.014) and then Euclidian distance
between sites (Mantel r2¼ 0.1214, P¼ 0.048) (Figures
3a–c). The optimal subset of environmental variables
with the best correlation to the bacterial composition
dissimilarity matrix contained three parameters—
nitrite (NO2), sulphate (SO4) and log copper
(Cu) concentrations (Bioenv correlation¼ 0.2663)
(Supplementary Figure S6A). However, this subset
was not strongly correlated to the bacterial
community dissimilarity matrix (Mantel r2¼ 0.2314,
P¼ 0.014), especially when compared to dendritic
distance upstream. The optimal biotic model con-
tained four parameters; log group 2 Chlorophytes,
group 4 pico Chlorophytes, bacterial HNA/LNA ratio
and log CTC-positive bacterial cells (Bioenv
correlation¼ 0.599) (Supplementary Figure S6B).
This subset of biotic variables was more strongly
correlated to the bacterial community dissimilarity
matrix (Mantel r2¼ 0.5993, P¼ 0.001) than the envir-
onmental subset.
There was no significant correlation between
dendritic distance upstream and Shannon H0 diver-
sity of the species-level abundance table based on
the Greengenes database (Figure 4). However, there
was a significant relationship between the species-
level diversity (Shannon H0) of the freshwater
component of the community (Newton database)
and dendritic distance upstream (lm, r2¼ 0.712,
Po0.001). This implies that a greater number of
taxa related to known freshwater taxa were found at
increasing dendritic distance.
Non-metric multidimensional scaling was used to
explore the relationships between the bacterial com-
munity composition at each site, along with the biotic
(phytoplankton) and environmental variables. There
was separation along axis 1 between sites from
headwaters (low dendritic distance) and downstream
sites (high dendritic distance) (Figure 5a). Envfit
analysis confirmed that downstream sites were asso-
ciated with OTUs belonging to Actinobacteria,
Proteobacteria and Verrucomicrobia, whereas head-
water sites were strongly associated with OTUs from
the phylum Bacteroidetes (Figure 5b). Only two
environmental and one spatial variable were signifi-
cantly (Po0.05) correlated with the ordination; log
dendritic distance, log copper (Cu) and log nitrate
(NO3) (Figure 5c). Three chlorophyte, two cryptophyte
and one cyanobacterial group were significantly
(Po0.05) associated with the downstream commu-
nities (Figure 5d). The percentage of CTC-positive
cells and the HNA/LNA ratio were associated with the
upstream sites (Figure 5d).
Of the nine OTUs with a significant (Pearson’s r,
Po0.05) negative correlation with dendritic dis-
tance, eight belonged to the phylum Bacteroidetes
(the top four are shown in Figure 6). The 15 OTUs
with a significant positive correlation to dendritic
distance represented more taxa; 3 of the 4 most
abundant OTUs belonged to Actinobacteria
(Figure 6) and 1 to a Verrucomicrobia but also
included Alpha and Betaproteobacteria and 2
Bacteroidetes OTUs belonging to the family Chit-
inophagaceae (Supplementary Table 3).
Bacterial activity and viability rates, measured by
reduction of the dye CTC, showed a significant
positive correlation with the ratio of HNA to LNA
bacteria (r2¼ 0.4648, Po0.001), where a higher
proportion of HNA bacteria in the community
correlate with increased activity (Figure 7a). In
addition, both the number of CTC-positive
cells (r2¼ 0.4933, Po0.001) and HNA/LNA ratio
(r2¼ 0.3437, Po0.05) had significant negative
correlations with dendritic distance (Figure 7b).
Discussion
Our results showed that bacterial community com-
position in this river basin was more related to
spatial parameters than physical and chemical
variables. In particular, site location (measured as
cumulative river network distance upstream from
the site) was found to be the most predictive spatial
feature above other measures of position such as
Euclidian distance and site catchment area (Figures
3a–c). This infers that ecological processes pertain-
ing to river network length are of prime importance
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Figure 2 Phylum-level taxonomic composition of the bacterial
community across the 23 study sites based on 16s rRNA gene
sequences. The sites are placed in order of increasing dendritic
distance left to right.
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in driving the assemblages of bacterial communities
in this river system. This contrasts with other, more
static habitats such as soils and even lakes, where
differences in chemical and physical parameters are
known to correlate closely with differences in
community assemblages between sampled sites
(Lindstrom et al., 2005; Griffiths et al., 2011).
A succession in the composition of the bacterial
community from headwaters to downstream was
observed, transitioning from a Bacteroidetes- to an
Actinobacteria-dominated community (Figure 2). Indi-
vidual OTU abundance and their correlation with
dendritic distance confirmed the observed phylum-
level patterns; OTUs with the strongest positive
correlations with dendritic distance were Actinobac-
teria and Verrucomicrobia and those OTUs with
negative correlations belonged to the phylum Bacter-
oidetes. There is a lack of similar studies of whole
river catchments with which to compare these results.
However, research carried out in a subtropical river in
China (Hu et al., 2014), the upper reaches of the
Mississippi (Staley et al., 2013), a stretch of the Ohio
river (Schultz et al., 2013) and the mouth of the
Columbia river (Fortunato et al., 2013) show simila-
rities in terms of bacterial composition; Actinobac-
teria, Bacteroidetes and Proteobacteria, and in some
cases Cyanobacteria, Firmicutes and Verrucomicrobia
make up the dominant members of riverine bacterial
communities.
We propose three linked explanations for the
observed pattern in bacterial community composi-
tion related to (1) water residence time, (2) changing
resource availability and (3) biotic interactions in
the form of top-down structuring of bacterial com-
munities. First, we suggest that the change in
community composition downstream is linked to
the residence time of the water and resultant
community succession. The length of the river
network is correlated with water residence time,
with longer networks having further and therefore
more time for surface water to travel (Stewart et al.,
2011). As water transitions downstream, a commu-
nity of bacteria better adapted to the freshwater
environment (the ‘natives’) has time to develop,
outcompeting the transient ‘vagabond’ or ‘tourist’
species (Newton et al., 2011; Crump et al., 2012) that
are washed into the watercourse. This idea is
supported by the increase in abundance and
diversity of known freshwater taxa (that is, from a
database predominantly comprising freshwater taxa)
during the headwater–downstream transition
(Figure 4b).
The succession from a Bacteroidetes to Actino-
bacteria-dominated community may also be viewed
as a succession of species of bacteria with r- and
k-strategist lifestyles (Weinbauer and Hofle, 1998).
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The upper reaches of the river is a ‘new’ environ-
ment with potentially lower levels of competition,
which would favour rapidly growing species that
can utilise available resources quickly (r strategists).
Indeed, previously identified ‘freshwater taxa’
(Newton et al., 2011) in these headwater commu-
nities were notably cultivable fast-growing orders
such as Flavobacteriales and Bacteroidales. Compe-
tition may become more intense downstream as the
community of specialist aquatic bacteria builds in
both number and complexity, resulting in k-strate-
gist species that are more competitive and have
lower growth rates and narrower niches. Freshwater
Actinobacteria have previously been observed to be
slower growing than other phyla (Simek et al.,
2006), which fits with our observation that their
abundance increases downstream as residence time
increases.
These findings are supported by our observation that
high bacterial activity rates were observed in the
tributaries and decreased in downstream sites
(Figure 7b). The ratio of HNA to LNA bacteria also
showed a strong longitudinal trend, with the number
of LNA relative to HNA bacteria increasing
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downstream. As with other studies, we found that
higher abundances of HNA cells were positively
correlated to activity rates (Lebaron et al., 2002).
Examination of the correlation between HNA/LNA
and OTU abundance showed that HNA was corre-
lated with Bacteroidetes OTU abundance, and LNA
was correlated to Actinobacteria OTU abundance
(Supplementary Figure 7), supporting the links
between community composition, activity and den-
dritic distance downstream. Although little informa-
tion on the identities of HNA/LNA bacteria exists for
freshwater systems, we note that in marine systems
Bacteroidetes have been commonly identified as
major components of the HNA group (Schattenhofer
et al., 2011; Vila-Costa et al., 2012)
We were unable to identify a dominant
physico-chemical driver of bacterioplankton com-
munity composition in the Thames. It is possible
that the observed succession is caused by an
unmeasured environmental factor; however, it is to
be noted that we comprehensively measured 29
major nutrients, metals and ions in these samples.
As examples, the rivers Thame (TM), Cut (Cu) and
Ray (Ra) are some of the most polluted in this study
in terms of major nutrient (total phosphorus and
NO3) concentrations, but there was no evidence to
suggest they shared relatively similar communities
(Figure 5a). Likewise, although the ‘clean’ sites on
the Rivers Leach (Le) and Pang (Pa) do cluster
together, the Kennet (Ke), with similar total phos-
phorus and NO3 concentrations, does not. Previous
studies have identified DOC to be a significant
driver of microbial community composition (Jones
et al., 2009; Li et al., 2012) and different taxa of
aquatic bacteria have varying preferences in terms of
carbon utilisation (Salcher et al., 2013). Yet in our
study there was no strong relationship with bacterial
community composition. Overall concentrations of
DOC peaked at the mid dendritic distance and
longer-term weekly data over the course of two years
showed no clear longitudinal pattern in DOC
concentration (data not shown). However, we did
not measure the composition of DOC species in
terms of molecular weight and complexity, and it is
possible that the proportions of labile and recalci-
trant pools could change downstream (Vannote
et al., 1980; del Giorgio and Pace, 2008; Kaplan
et al., 2008), thus influencing communities and in
particular the proportion of r and k strategists.
Although not measured in this study, particulate
carbon and nitrogen have previously been found to
correlate with riverine bacterial communities
(Fortunato et al., 2013), providing possible evidence
for links between the planktonic and sediment
communities.
Another candidate for the observed succession is
that biotic interactions have a role in structuring the
bacterial community. We found a correlation of
bacterial composition with the phytoplankton com-
munity (figure 5d), suggesting other planktonic
microbial communities are also changing down-
stream in a similar manner. The relationship
between bacterioplankton and phytoplankton com-
position may simply reflect the same physical driver
(residence time) rather than a direct ecological
interaction. However, there is strong evidence that
phytoplankton blooms can have a significant role in
structuring the composition of bacterial commu-
nities through the input of photosynthetically
derived carbon sources (Kirchman et al., 1991;
Teeling et al., 2012), and the possibility that this is
a significant driver in this system cannot be
discounted. Increasing phytoplankton biomass
across the River Thames basin with increasing river
length and residence time (related to water transfers
with adjacent canal systems) have been observed
previously (Bowes et al., 2012).
Another biotic interaction in the form of mortality
from heterotrophic protists and/or viral lysis could
have a top-down role in structuring the community.
Different bacterial taxa are known to vary in their
resistance to both grazing and viral lysis (Pernthaler,
2005) and predation by flagellates and ciliates have
been shown to structure the composition of bacterial
communities in mesocosm experiments (Salcher
et al., 2005). The increased residence time down-
stream may allow for higher levels of top-down
predation to develop in the lower reaches; lags in
bacterivore abundance have previously been
observed in aquatic systems (Tanaka et al., 1997).
Microscopic observations of freshwater Actinobac-
teria have shown that they are generally free-living
‘ultramicrobacteria’ (Hahn et al., 2003), and this
small size has been linked to avoidance from
grazing, whereas a number of studies have indicated
that members of the Bacteroidetes are vulnerable to
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Figure 7 Relationship between the ratio of HNA to LNA cells
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positive cells (b).
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grazing (Jurgens et al., 1999; Simek et al., 2001;
Salcher et al., 2005).
In conclusion, this study has shown that there
are distinct successional changes in the composi-
tion of the bacterial community during the transi-
tion from tributaries to the lower reaches of a
temperate lowland river. This change, largely
driven by the changing abundance of members of
the phyla Actinobacteria and Bacteroidetes, corre-
sponds to changes in bacterial activity rates and
the composition of cells in terms of their nucleic
acid content. Given the lack of strong correlation
with any of the river’s physico-chemical variables
measured, it would appear that this change is
largely driven by an inherent property of lotic
systems, that is, the residence time of the water.
Rivers have been described as ‘lotic conveyor belts’
(Schultz et al., 2013) owing to the fact that, at least
for planktonic organisms, movement is determined
by the direction and flow of water. Because of this,
the bacterial population at any one site is in a state
of flux, with constant immigration from the
upstream community and emigration to the down-
stream one. In this view, sampling sites in this
study not only represent a spatial distribution but
also a time series, where downstream sites with
longer water residence times contain ‘older’ river
water and a planktonic community that is in the
later stages of ecological succession. The next steps
to better understand this transition are to investi-
gate the substrate preferences, growth rates and
relative contribution of other biotic interactions in
structuring riverine communities. One major
aspect missing from this study is information on
the temporal shifts in community structure. We
purposefully chose a period of basal flow for this
study owing to the relative stability of the river
catchment during this time. However, rivers and
streams are highly dynamic systems and gaining a
better understanding of the magnitude of change
over time would offer key insights into the controls
of bacterial communities along a river continuum.
Finally, a better understanding of the functional
consequences of this shift in composition would
allow us to have a better understanding of the role
of planktonic microbes in rivers.
Conflict of Interest
The authors declare no conflict of interest.
Acknowledgements
This work was funded by the NERC for Ecology &
Hydrology National Capability funding through the CEH
Thames Initiative. We thank Colin Roberts and Pete
Scarlett (CEH) for the river sampling, and Emma Gozzard,
Linda Armstrong, Sarah Harman and Heather Wickham of
the CEH Nutrient Laboratories for carrying out the
chemical analysis.
References
Altermatt F. (2013). Diversity in riverine metacommu-
nities: a network perspective. Aquat Ecol 47: 365–377.
Altermatt F, Seymour M, Martinez N. (2013). River
network properties shape alpha-diversity and com-
munity similarity patterns of aquatic insect commu-
nities across major drainage basins. J Biogeogr 40:
2249–2260.
Bowes MJ, Gozzard E, Johnson AC, Scarlett PM, Roberts C,
Read DS et al. (2012). Spatial and temporal changes in
chlorophyll-a concentrations in the River Thames
basinUK: are phosphorus concentrations beginning
to limit phytoplankton biomass? Sci Total Environ
426: 45–55.
Bowes MJ, Jarvie HP, Naden PS, Old GH, Scarlett PM,
Roberts C et al. (2014). Identifying priorities for
nutrient mitigation using river nutrient concentra-
tion-flow relationships: the Thames basin, UK.
J Hydrol 517: 1–12.
Bragg L, Stone G, Imelfort M, Hugenholtz P, Tyson GW.
(2012). Fast, accurate error-correction of amplicon
pyrosequences using Acacia. Nat Methods 9: 425–426.
Butman D, Raymond PA. (2011). Significant efflux of
carbon dioxide from streams and rivers in the United
States. Nat Geosci 4: 839–842.
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,
Bushman FD, Costello EK et al. (2010). QIIME allows
analysis of high-throughput community sequencing
data. Nat Methods 7: 335–336.
Christner BC, Morris CE, Foreman CM, Cai RM, Sands DC.
(2008). Ubiquity of biological ice nucleators in snow-
fall. Science 319: 1214–1214.
Clarke KR, Ainsworth M. (1993). A Method of Linking
Multivariate Community Structure to Environmental
Variables. Mar Ecol Prog Ser 92: 205–219.
Crump BC, Adams HE, Hobbie JE, Kling GW. (2007).
Biogeography of bacterioplankton in lakes and streams
of an arctic tundra catchment. Ecology 88: 1365–1378.
Crump BC, Amaral-Zettler LA, Kling GW. (2012).
Microbial diversity in arctic freshwaters is structured
by inoculation of microbes from soils. ISME J 6:
1629–1639.
del Giorgio PA, Pace ML. (2008). Relative independence of
dissolved organic carbon transport and processing in a
large temperate river: the Hudson River as both pipe
and reactor. Limnol Oceanogr 53: 185–197.
DeLeon-Rodriguez N, Lathem TL, Rodriguez-R LM,
Barazesh JM, Anderson BE, Beyersdorf AJ et al.
(2013). Microbiome of the upper troposphere: species
composition and prevalence, effects of tropical storms,
and atmospheric implications. P Natl Acad Sci USA
110: 2575–2580.
Edgar RC. (2010). Search and clustering orders of
magnitude faster than BLAST. Bioinformatics 26:
2460–2461.
Fortunato CS, Eiler A, Herfort L, Needoba JA, Peterson TD,
Crump BC. (2013). Determining indicator taxa across
spatial and seasonal gradients in the Columbia River
coastal margin. ISME J 7: 1899–1911.
Griffiths RI, Thomson BC, James P, Bell T, Bailey M,
Whiteley AS. (2011). The bacterial biogeography of
British soils. Environ Microbiol 13: 1642–1654.
Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV,
Giannoukos G et al. (2011). Chimeric 16S rRNA sequence
formation and detection in Sanger and 454-pyrose-
quenced PCR amplicons. Genome Res 21: 494–504.
River bacterioplankton ecology
DS Read et al
524
The ISME Journal
Hahn MW, Lunsdorf H, Wu QL, Schauer M, Hofle MG,
Boenigk J et al. (2003). Isolation of novel ultramicro-
bacteria classified as Actinobacteria from five
freshwater habitats in Europe and Asia. Appl Environ
Microb 69: 1442–1451.
Harrell FE Jr. (2013). Hmisc: Harrell Miscellaneous.
pp R package version 3: 12–12.
Hu AY, Yang XY, Chen NW, Hou LY, Ma Y, Yu CP. (2014).
Response of bacterial communities to environmental
changes in a mesoscale subtropical watershed,
Southeast China. Sci Total Environ 472: 746–756.
Huang WE, Ferguson A, Singer AC, Lawson K, Thompson IP,
Kalin RM et al. (2009). Resolving genetic functions
within microbial populations: in situ analyses using
rRNA and mRNA stable isotope probing coupled with
single-cell raman-fluorescence in situ hybridization.
Appl Environ Microb 75: 234–241.
Jones SE, Newton RJ, McMahon KD. (2009). Evidence for
structuring of bacterial community composition by
organic carbon source in temperate lakes. Environ
Microbiol 11: 2463–2472.
Junk WJ, Bayley PB, Sparks RE. (1989). The flood pulse
concept in river-floodplain systems. Can Spec Publ
Fish Aquat Sci 106: 110–127.
Jurgens K, Pernthaler J, Schalla S, Amann R. (1999).
Morphological and compositional changes in a
planktonic bacterial community in response to
enhanced protozoan grazing. Appl Environ Microb
65: 1241–1250.
Kaplan LA, Wiegner TN, Newbold JD, Ostrom PH, Gandhi H.
(2008). Untangling the complex issue of dissolved
organic carbon uptake: a stable isotope approach.
Freshwater Biol 53: 855–864.
Kirchman DL, Suzuki Y, Garside C, Ducklow HW. (1991).
High turnover rates of dissolved organic-carbon
during a spring phytoplankton bloom. Nature 352:
612–614.
Langenheder S, Berga M, Ostman O, Szekely AJ. (2012).
Temporal variation of beta-diversity and assembly
mechanisms in a bacterial metacommunity. ISME J 6:
1107–1114.
Lebaron P, Servais P, Baudoux AC, Bourrain M, Courties C,
Parthuisot N. (2002). Variations of bacterial-specific
activity with cell size and nucleic acid content
assessed by flow cytometry. Aquat Microb Ecol 28:
131–140.
Li D, Sharp JO, Saikaly PE, Ali S, Alidina M, Alarawi MS
et al. (2012). Dissolved organic carbon influences
microbial community composition and diversity in
managed aquifer recharge systems. Appl Environ
Microb 78: 6819–6828.
Lindstrom ES, Kamst-Van Agterveld MP, Zwart G. (2005).
Distribution of typical freshwater bacterial groups
is associated with pH, temperature, and lake
water retention time. Appl Environ Microb 71:
8201–8206.
Logue JB, Langenheder S, Andersson AF, Bertilsson S,
Drakare S, Lanzen A et al. (2012). Freshwater
bacterioplankton richness in oligotrophic lakes
depends on nutrient availability rather than on
species-area relationships. ISME J 6: 1127–1136.
Mari L, Casagrandi R, Bertuzzo E, Rinaldo A, Gatto M.
(2014). Metapopulation persistence and species
spread in river networks. Ecol Lett 17: 426–434.
Marsh TJ, Hannaford J. (2008). UK hydrometric register.
hydrological data UK seriesCentre for Ecology and
Hydrology: Wallingford, UK, p 210.
Marti E, Variatza E, Balcazar JL. (2014). The role of aquatic
ecosystems as reservoirs of antibiotic resistance.
Trends Microbiol 22: 36–41.
Marti R, Gannon VPJ, Jokinen C, Lanthier M, Lapen DR,
Neumann NF et al. (2013). Quantitative multi-year
elucidation of fecal sources of waterborne pathogen
contamination in the south nation river basin using
bacteroidales microbial source tracking markers.
Water Res 47: 2315–2324.
McDonald D, Price MN, Goodrich J, Nawrocki EP,
DeSantis TZ, Probst A et al. (2012). An improved
Greengenes taxonomy with explicit ranks for
ecological and evolutionary analyses of bacteria and
archaea. ISME J 6: 610–618.
McGarvey DJ, Ward GM. (2008). Scale dependence in
the species-discharge relationship for fishes of the
southeastern USA. Freshwater Biol 53: 2206–2219.
Muneepeerakul R, Bertuzzo E, Lynch HJ, Fagan WF,
Rinaldo A, Rodriguez-Iturbe I. (2008). Neutral
metacommunity models predict fish diversity
patterns in Mississippi-Missouri basin. Nature 453:
220–U229.
Neal C, Bowes M, Jarvie HP, Scholefield P, Leeks G,
Neal M et al. (2012). Lowland river water quality: a
new UK data resource for process and environmental
management analysis. Hydrol Process 26: 949–960.
Nemergut DR, Schmidt SK, Fukami T, O’Neill SP, Bilinski TM,
Stanish LF et al. (2013). Patterns and processes of
microbial community assembly. Microbiol Mol Biol R
77: 342–356.
Newton RJ, Jones SE, Eiler A, McMahon KD,
Bertilsson S. (2011). A guide to the natural history
of freshwater lake bacteria. Microbiol Mol Biol R 75:
14–49.
Newton RJ, Bootsma MJ, Morrison HG, Sogin ML,
McLellan SL. (2013). A microbial signature approach
to identify fecal pollution in the waters off an
urbanized coast of lake michigan. Microb Ecol 65:
1011–1023.
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O’Hara RB et al. (2013). vegan: Community Ecology
Package. R package version 2.0-9. edn.
Pernthaler J. (2005). Predation on prokaryotes in the water
column and its ecological implications. Nat Rev
Microbiol 3: 537–546.
Perry JA, Schaeffer DJ. (1987). The longitudinal distribu-
tion of riverine benthos - a river dis-continuum.
Hydrobiologia 148: 257–268.
Core Team R. (2013). R: A language and environment for
statistical computing. R Foundation for Statistical
Computing Vienna: Austria.
Ranjard L, Dequiedt S, Prevost-Boure NC, Thioulouse J,
Saby NPA, Lelievre M et al. (2013). Turnover of soil
bacterial diversity driven by wide-scale environmental
heterogeneity. Nat Commun 4: 1434.
Raymond PA, Hartmann J, Lauerwald R, Sobek S,
McDonald C, Hoover M et al. (2013). Global carbon
dioxide emissions from inland waters. Nature 503:
355–359.
Read DS, Bowes MJ, Newbold LK, Whiteley AS. (2014).
Weekly flow cytometric analysis of riverine phyto-
plankton to determine seasonal bloom dynamics.
Environ Sci Process Impacts 16: 594–603.
Salcher MM, Pernthaler J, Psenner R, Posch T. (2005).
Succession of bacterial grazing defense mechanisms
against protistan predators in an experimental micro-
bial community. Aquat Microb Ecol 38: 215–229.
River bacterioplankton ecology
DS Read et al
525
The ISME Journal
Salcher MM, Posch T, Pernthaler J. (2013). In situ substrate
preferences of abundant bacterioplankton populations
in a prealpine freshwater lake. ISME J 7: 896–907.
Sayer EJ, Wagner M, Oliver AE, Pywell RF, James P,
Whiteley AS et al. (2013). Grassland management
influences spatial patterns of soil microbial commu-
nities. Soil Biol Biochem 61: 61–68.
Schattenhofer M, Wulf J, Kostadinov I, Glockner FO,
Zubkov MV, Fuchs BM. (2011). Phylogenetic
characterisation of picoplanktonic populations with
high and low nucleic acid content in the North
Atlantic Ocean. Syst Appl Microbiol 34: 470–475.
Schultz GE, Kovatch JJ, Anneken EM. (2013). Bacterial
diversity in a large, temperate, heavily modified river,
as determined by pyrosequencing. Aquat Microb Ecol
70: 169–179.
Sieracki ME, Cucci TL, Nicinski J. (1999). Flow cytometric
analysis of 5-cyano-2,3-ditolyl tetrazolium chloride
activity of marine bacterioplankton in dilution
cultures. Appl Environ Microb 65: 2409–2417.
Simek K, Pernthaler J, Weinbauer MG, Hornak K, Dolan JR,
Nedoma J et al. (2001). Changes in bacterial commu-
nity composition and dynamics and viral mortality
rates associated with enhanced flagellate grazing in a
mesoeutrophic reservoir. Appl Environ Microb 67:
2723–2733.
Simek K, Hornak K, Jezbera J, Nedoma J, Vrba J,
Straskrabova V et al. (2006). Maximum growth rates
and possible life strategies of different bacterioplank-
ton groups in relation to phosphorus availability in a
freshwater reservoir. Environ Microbiol 8: 1613–1624.
Sorensen JPR, Maurice L, Edwards FK, Lapworth DJ, Read DS,
Allen D et al. (2013). Using boreholes as windows into
groundwater ecosystems. PLos One 8: e70264.
Staley C, Unno T, Gould TJ, Jarvis B, Phillips J, Cotner JB et al.
(2013). Application of Illumina next-generation sequen-
cing to characterize the bacterial community of the Upper
Mississippi River. J Appl Microbiol 115: 1147–1158.
Stewart RJ, Wollheim WM, Gooseff MN, Briggs MA,
Jacobs JM, Peterson BJ et al. (2011). Separation of
river network-scale nitrogen removal among the main
channel and two transient storage compartments.
Water Resour Res 47: W00J10.
Tanaka T, Fujita N, Taniguchi A. (1997). Predator-prey
eddy in heterotrophic nanoflagellate-bacteria relation-
ships in a coastal marine environment: a new scheme
for predator-prey associations. Aquat Microb Ecol 13:
249–256.
Tatariw C, Chapman EL, Sponseller RA, Mortazavi B,
Edmonds JW. (2013). Denitrification in a large river:
consideration of geomorphic controls on microbial
activity and community structure. Ecology 94:
2249–2262.
Teeling H, Fuchs BM, Becher D, Klockow C, Gardebrecht A,
Bennke CM et al. (2012). Substrate-controlled
succession of marine bacterioplankton populations
induced by a phytoplankton bloom. Science 336:
608–611.
Thorp JH, Delong MD. (1994). The riverine productivity
model - an heuristic view of carbon-sources and organic-
processing in large river ecosystems. Oikos 70: 305–308.
Thorp JH, Thoms MC, Delong MD. (2006). The riverine
ecosystem synthesis: biocomplexity in river networks
across space and time. River Res Appl 22: 123–147.
Vannote RL, Minshall GW, Cummins KW, Sedell JR,
Cushing CE. (1980). River continuum concept.
Can J Fish Aquat Sci 37: 130–137.
Vila-Costa M, Gasol JM, Sharma S, Moran MA. (2012).
Community analysis of high- and low-nucleic
acid-containing bacteria in NW Mediterranean coastal
waters using 16S rDNA pyrosequencing. Environ
Microbiol 14: 1390–1402.
Wang Q, Garrity GM, Tiedje JM, Cole JR. (2007). Naive
Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl
Environ Microb 73: 5261–5267.
Weinbauer MG, Hofle MG. (1998). Distribution and life
strategies of two bacterial populations in a eutrophic
lake. Appl Environ Microb 64: 3776–3783.
Whitehead PG, Crossman J, Balana BB, Futter MN, Comber S,
Jin L et al. (2013). A cost-effectiveness analysis of
water security and water quality: impacts of climate
and land-use change on the River Thames system.
Philos T R Soc A 371: 20120413.
This work is licensed under a Creative
Commons Attribution 3.0 Unported
License. The images or other third party material in
this article are included in the article’s Creative
Commons license, unless indicated otherwise in
the credit line; if the material is not included under
the Creative Commons license, users will need to
obtain permission from the license holder to repro-
duce thematerial. To view a copy of this license, visit
http://creativecommons.org/licenses/by/3.0/
Supplementary Information accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)
River bacterioplankton ecology
DS Read et al
526
The ISME Journal
